Abstract Background/Aims: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are lethal diseases in humans, and the current treatments have limited therapeutic effects. Cordyceps militaris (CM) is a caterpillar-grown traditional medicinal mushroom, and has been used as a natural invigorant for longevity, endurance, and vitality in China. Recently, purified extracts from CM have been shown to have beneficial effects on various diseases including cancer. Nevertheless, a role of CM in ALI has not been examined previously. Methods: Here, we used a bleomycin-induced ALI model to study the effects of CM on the severity of ALI in mice. The levels of CXCR2, a receptor for Interleukin 8 (IL-8) in pulmonary microvascular endothelial cells, were examined in different experimental groups. The levels of microRNA (miR)-1321 and miR-3188 were also examined in lung samples and in CM. Adeno-associated viruses carrying miR-1321 and miR-3188 were injected into bleomycin-treated mice for evaluation their effects on the severity of ALI. Results: CM treatment significantly alleviated the severity of bleomycininduced ALI in mice. The increases in lung CXCR2 by bleomycin were significantly reduced by CM at protein level, but not at mRNA level. CM contained high levels of 2 miRNAs (miR-1321 and miR-3188) that target 3'-UTR of CXCR2 mRNA to inhibit its expression. Overexpression of miR-1321 and miR-3188 in mouse lung through AAV-mediated gene therapy mimicked the effects of CM. Conclusion: CM may alleviate severity of murine ALI through miRNAsmediated CXCR2 inhibition.
Introduction
Acute lung injury (ALI) is a common but complex clinical disease involving acute inflammation, microvascular damage, and increased pulmonary vascular and epithelial permeability, which frequently results in acute respiratory failure into highly lethal acute respiratory distress syndrome (ARDS) [1] [2] [3] [4] . ALI and ARDS have been recently reclassified in the Berlin definition [5] [6] [7] .
Excessive and prolonged activation of neutrophils hallmark ALI, resulting in basement membrane destruction and permeability increases of the alveolar-capillary barrier [8] [9] [10] [11] [12] . Migrating neutrophils also release pro-inflammatory and pro-apoptotic cytokines, e.g. , to allow the injury progress [8] [9] [10] [11] [12] . IL-8 is a potent neutrophil attractant and activator. Previous studies have focused on the formation of anti-IL-8 autoantibody and IL-8 complexes that interact with lung endothelial cells in patients with ARDS [13, 14] . However, IL-8 also triggers cytoskeletal reorganization of microvascular endothelial cells, which is mediated by activation of CXCR2 [15] [16] [17] [18] . It has been shown that anti-CXCR2 antibody blocks IL-8-mediated haptotaxis of endothelial cells on collagen, and mediates the increases in vascular permeability in ALI [19] .
Cordyceps militaris (CM) is a caterpillar-grown traditional medicinal mushroom, and has been used as a natural invigorant for longevity, endurance, and vitality for thousands of years in China. Some purified extracts from CM has recently shown to have beneficial effects on various diseases, possibly through adjust immunity [20, 21] . Recently, effects of CM in inhibiting carcinogenesis in several types of malignant tumors have been reported, and these effects have been proposed to be conducted through reducing cancer metastatic potential and enhancing cytokine induction. Nevertheless, a role of CM in ALI as well as the underlying mechanisms has not been examined previously.
MicroRNA (miRNA) is a class of non-coding small RNA of comprised of around 18-22 nucleotides. MiRNAs regulate the gene expression post-transcriptionally, through its basepairing with the 3′-untranslated region (3′-UTR) of the target mRNA [22, 23] . Although it has been shown that various miRNAs regulate a great number of biological events, a role of miRNAs in ALI has been ill-defined.
Here, we used a bleomycin-induced ALI model to study the effects of CM on the ALI in mice. The levels of CXCR2 were examined in different experimental groups. The levels of microRNA (miR)-1321 and miR-3188 were also examined in lung samples and in CM. Adeno-associated viruses (AAVs) carrying miR-1321 and miR-3188 were injected into bleomycin-treated mice for evaluation their effects on the severity of ALI. We found that CM treatment significantly alleviated the severity of bleomycin-induced ALI in mice. The increases in CXCR2 in lung by bleomycin were significantly reduced by CM at protein level, but not at mRNA level. CM contained high levels of 2 miRNAs (miR-1321 and miR-3188) that target 3'-UTR of CXCR2 mRNA to inhibit its expression. Overexpression of miR-1321 and miR-3188 in mouse lung via AAV-mediated gene therapy mimicked the effects of CM.
Materials and Methods

Animal manipulations:
All mouse protocols were approved by the Animal Research and Care Committee at the First Affiliated Hospital of Nanchang University. Female Balb/c mice were purchased from the Laboratory Animal Center of Shanghai Academy of Sciences (Chinese Academy of Sciences, China) and were kept in specific pathogen free (SPF) environment throughout the experiments. Fifteen mice were used in each experimental groups.
The lung injury model was induced by intratracheal instillation of 4% bleomycin solution (SigmaAldrich, St Louis, MO, USA) at 20 mg/kg body weight, as has been applied and described before [8] . The control mice received intratracheal saline of same volume. Two weeks after successful induction of ALI, mice received either intratracheal instillation of 0.1% CM (National Institute for the Control of Pharmaceutical and Biological Products, Beijing, China) or tail vein injection of 10 9 adeno-associated viruses (AAV) carrying 
AAV preparation and cell transfections
Human embryonic kidney 293 cell line (HEK293) was purchased from American Type Culture Collection (ATCC, Rockville, MD, USA), and maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich). HEK293 cells were incubated in a humidified chamber with 5% CO 2 at 37 °C. AAV-miR-1321-miR-3188 and control AAV-null viruses were prepared according to general protocols. Briefly, we used a pAAV-CMV-GFP plasmid (Clontech, Mountain View, CA, USA), a packaging plasmid carrying the serotype 8 rep and cap genes, and a helper plasmid carrying the adenovirus helper functions (Applied Viromics, LLC. Fremont, CA, USA) in this study. The miRNAs were inserted between CMV promoter and GFP reporter by a 2A sequence to allow co-expression of both under the control of the CMV promoter. Sequencing was performed to confirm the correct orientation of the generated plasmids. AAV was prepared by triple transfection of the newly prepared plasmids, R2C8 (containing AAV2 Rep and AAV8 capsid genes) and plAd5 (containing adenovirus helper genes) into HEK293 cells by Lipofectamine 2000 reagent (Invitrogen). The viruses were purified using CsCl density centrifugation and then titration was performed by a quantitative densitometric dot-blot assay. For cell transduction in vitro, the HEK293 cells were incubated with AAV at a MOI of 100 for 12 hours. For cell transduction in vivo, 10 9 AAV were injected from the tail vein.
Lung function evaluation
Mice were anesthetized, after which a small incision was made to expose the trachea, and a cannula was inserted to connect to an inline nebulizer and ventilator. Mice were then challenged with aerosolized PBS followed by increasing doses of methacholine (Sigma-Aldrich). Airway resistance index (RI) and dynamic compliance (Cdyn) were determined by analysis of pressure and flow waveforms.
RNA extraction, reverse transcription and quantitative RT-PCR (RT-qPCR)
Total RNA and miRNAs were extracted from lung or from cultured cells with miRNeasy mini kit or RNeasy kit (Qiagen, Hilden, Germany), respectively. Complementary DNA (cDNA) was randomly primed from 2μg of total RNA using the Omniscript reverse transcription kit (Qiagen). RT-qPCR was subsequently performed in duplicate with a 1:4 dilution of cDNA using the Quantitect SyBr green PCR system (Qiagen) on a Rotorgene 6000 series PCR machine. All primers were purchased from Qiagen. Data were collected and analyzed with the Rotorgene software accompanying the PCR machine, using 2-△△Ct method for quantification of the relative mRNA expression levels. Values of genes were first normalized against α-tubulin, and then compared to controls.
Western blot
The protein from the mouse lung or cultured cells was extracted using RIPA lysis buffer (1% NP40, 0.1% Sodium dodecyl sulfate (SDS), 100μg/ml phenylmethylsulfonyl fluoride, 0.5% sodium deoxycholate, in PBS) on ice. Protein concentration was determined using a BCA protein assay kit (Bio-rad, China). Primary antibodies were anti-CXCR2 and anti-α-tubulin (all purchased from Cell Signaling, St Louis, MO, USA). α-tubulin was used as a protein loading control. Secondary antibody is HRP-conjugated anti-rabbit (Jackson ImmunoResearch Labs, West Grove, PA, USA). Images shown in the figure were representative from 3 repeats. Densitometry of Western blots was quantified with NIH ImageJ software (Bethesda, MA, USA). The protein levels were first normalized to α-tubulin, and then normalized to experimental controls.
Immunohistochemistry
Mouse lung was fixed with 4% paraformaldehyde for 4 hours, and then cyro-protected in 30% sucrose overnight. Tissue samples were sectioned in 6μM. H&E staining was performed.
Luciferase-reporter activity assay
Luciferase-reporters were successfully constructed using molecular cloning technology. Target sequence for CXCR2 miRNA 3'UTR clone was purchased from Creative Biogene (Shirley, NY, USA). HEK293-miR-1321, or HEK293-null, or HEK293-as-miR-1321, or HEK293-miR-3188, or HEK293-as-miR-3188 cells
Results
CM significantly alleviated the lung injury by bleomycin in mice
The mouse bleomycin-ALI model has been performed as has been described before [8] . Two weeks after bleomycin treatment, we gave intratracheal instillation of CM to mice, and the control group of mice received intratracheal instillation of saline. After 4 weeks, the mice were examined for lung function. By histology, we found that bleomycin induced significant lung injury in mice, which was alleviated by CM treatment (Fig. 1A) . In a cholinergic stimulus (methacholine) test, we detected a dose-dependent increase in lung resistance index (Rl, Fig.  1B ) and decrease in Cdyn in response to methacholine (Fig. 1C ) in bleomycin-treated mice. Also, the effects of bleomycin on lung function were significantly reduced in bleomycintreated mice that received CM (Fig. 1B-C) . These data suggest that CM significantly alleviates the lung injury by bleomycin in mice. Fig. 1 . CM significantly alleviated the lung injury by bleomycin in mice. Two weeks after bleomycin treatment, we gave intratracheal instillation of CM to mice, and the control group of mice received intratracheal instillation of saline. After 4 weeks, the mice were examined for lung function. (A) Histology. (B-C) Four weeks after CM (six weeks after bleomycin), in a cholinergic stimulus (methacholine) test, we detected a dose-dependent increase in lung resistance index (Rl, B) and decrease in Cdyn in response to methacholine (C) in bleomycin-treated mice. Also, the effects of bleomycin on lung function were significantly reduced in bleomycin-treated mice that received CM (B-C). *p<0.05. N=15. Statistics: one-way ANOVA, followed by a Fish's exact test. Scale bar is 20µm.
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CM attenuates the bleomycin-induced increases in CXCR2 at protein level but not at mRNA level in mouse lung
We then analyzed CXCR2 levels in the mouse lung 4 weeks after CM treatment. At mRNA level, CXCR2 in lung significantly increased by bleomycin treatment, and CM administration did not alter the increases in CXCR2 by bleomycin ( Fig. 2A ). However, at protein level, CXCR2 in lung significantly increased by bleomycin treatment, and CM administration significantly reduced the increases in CXCR2 by bleomycin (Fig. 2B) . These data not only suggest that CXCR2 protein but not mRNA, was regulated by CM in bleomycin-treated mouse lung, but also suggest that the alteration of CXCR2 levels by CM may result from translational control, rather than from promoter activation at transcription level.
MiR-1321 and miR-3188 are two components in CM and target 3'-UTR of CXCR2 mRNA to inhibit its translation in bleomycin-treated mouse lung
Since we found that the increases in CXCR2 protein, but not mRNA, significantly reduced after CM administration in bleomycin-treated mouse lung, we hypothesize that CXCR2 in the bleomycin-treated mouse lung may be regulated by miRNAs from CM. Thus, we performed bioinformatics analysis of CXCR2 target sequence. From all binding miRNAs for 3'UTR of CXCR2, we found that two miRNAs [miR-1321: binding sites in the CXCR2 mRNA sequence 3'UTR ranged from 33th base site to 39th base site (Fig. 3A) ; miR-3188: binding sites in the CXCR2 mRNA sequence 3'UTR ranged from 60th base site to 67th base site (Fig. 3B) ] significantly increased in CM and bleomycin -treated mouse lung, but did not increased by bleomycin-treatment alone (Fig. 3C) . Moreover, in CM, these two miRNAs were detected highly expressed (Fig. 3C) . HEK293-miR-1321, HEK293-null (as a control) and HEK293-antisense (as)-miR-1321 cells were prepared by transfection and confirmed of miR-1321 modification (Fig. 3D) . These cells were then transfected with 1μg of CXCR2-3'UTR luciferase-reporter plasmid. The luciferase activities in these cells suggest that miR-1321 targets 3'UTR of CXCR2 mRNA to inhibit its expression (Fig. 3E) . Similarly, HEK293-miR-3188, HEK293-null (as a control) and HEK293-as-miR-3188 cells were prepared by transfection and confirmed of miR-3188 modification (Fig. 3F) . These cells were then transfected with 1μg of CXCR2-3'UTR luciferase-reporter plasmid. The luciferase activities in these cells suggest that miR-3188 also targets 3'UTR of CXCR2 mRNA to inhibit its expression (Fig. 3G) . Together, these 1μg of CXCR2-3'UTR luciferase-reporter plasmid. The luciferase activities in these cells suggest that miR-1321 targets 3'UTR of CXCR2 mRNA to inhibit its expression (E). (F-G) HEK293-miR-3188, HEK293-null (as a control) and HEK293-as-miR-3188 cells were prepared by transfection and confirmed of miR-3188 modification (F). These cells were then transfected with 1μg of CXCR2-3'UTR luciferase-reporter plasmid. The luciferase activities in these cells suggest that miR-3188 also targets 3'UTR of CXCR2 mRNA to inhibit its expression (G). *p<0.05. N=15. Statistics: one-way ANOVA, followed by a Fish's exact test.
Combined treatments with miR-1321 and miR-3188 mimicked the effects of CM in bleomycin-treated mouse
In order to figure out whether miR-1321 and miR-3188 are critical for the protective effects of CM against bleomycin-induced lung injury, we prepared an AAV carrying both miRNAs. Two weeks after bleomycin treatment, mice received these AAVs for 4 weeks, while control mice received null AAVs. After another 4 weeks, we detected a significantly reduction in RI and a significantly increase in Cdyn in response to Two weeks after bleomycin treatment, mice received AAVs carrying both miR-1321 and miR-3188 for 4 weeks, while control mice received null AAVs. After another 4 weeks, we detected a significantly reduction in RI (A) and a significantly increase in Cdyn (B) in response to a high dose methacholine in AAV-miRNAs-treated mice, compared to the mice that received bleomycin and control viruses. *p<0.05. N=15. Statistics: one-way ANOVA, followed by a Fish's exact test. a high dose methacholine in AAV-miRNAs-treated mice, compared to the mice that received bleomycin and control viruses (Fig. 4A-B) . These data suggest that combined treatments with miR-1321 and miR-3188 mimicks the effects of CM in bleomycin-treated mouse. Taken together, our study suggests a role of CM in protection of lung injury through miR-1321 and miR-3188-mediated suppression of CXCR2, the receptor for IL-8 signaling (Fig. 5) .
Discussion
Effective treatments of ALI and ARDS are highly needed to reduce the lethality of these common diseases [1] [2] [3] [4] . Since ALI is characterize by excessive and prolonged activation of neutrophils, which results in basement membrane destruction and permeability increases of the alveolar-capillary barrier [8] [9] [10] [11] [12] , previous efforts have been focusing on the modulation of the immunity. Specifically, IL-8 is a critical cytokine that is produced and released by neutrophils. IL-8 targets microvascular endothelial cells via its receptor CXCR1 and CXCR2 to trigger the changes in permeability of vascular endothelium to facilitate the lung injury [8] [9] [10] [11] [12] . Hence, it may be logic that inhibition of CXCR2 in lung endothelial cells may be beneficial.
Modulation of CXCR2 levels may be through promoter activity, translation control and [26] . Since the asthma and ALI share some pathological processes, we think that the anti-ALI effects of CM may partially come from miR-3188 and miR-1321, and partially from Cordycepin. Future experiments may be applied to clarify the exact contribution of these components in CM to the protective effects against lung injury. Moreover, the secondary molecular effects of CXCR2 suppression may be analyzed. For example, how are the changes in angiogenic factors, e.g. vascular endothelial growth factor (VEGF) family members [27] [28] [29] in the mouse lung by CXCR2 suppression? Furthermore, do miR-3188 and miR-1321 have other targets that may affect the pathogenesis in ALI? To address these questions, we may be able to significantly improve our understanding of the therapeutic effects of CM on ALI.
Our data clearly demonstrate independent inhibitory roles of miR-1321 and miR-3188 in the translational control of CXCR2. From the degree of inhibition, it seems that the inhibitory potent of both miRNAs is similar, which is not surprising, since both miRNAs bind to the close region on the 3'-UTR of CXCR2 mRNA, and have exactly same base pairing. The two miRNAs may reinforce the effects of each other to strengthen the suppression.
In summary, in the current study, we report a previously unappreciated protective effect of CM against lung injury. Moreover, we propose that the protection may largely come from the two miRNA components of CM.
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